Abstract: Evapotranspiration (ET) is the second largest component of the water cycle in arid and semiarid environments, and, in fact, more than 60% of the precipitation on earth is returned to the atmosphere through it. MOD16 represents an operational source of ET estimates with adequate spatial resolution for several applications, such as water resources planning, at a regional scale. However, the use of these estimates in routine applications will require MOD16 evaluation and validation using accurate ground-based measurements. The main objective of this study was to evaluate the performance of the MOD16A2 product by comparing it with eddy covariance (EC) systems. Additional objectives were the analysis of the limitations, uncertainties, and possible improvements of the MOD16-estimated ET. The EC measurements were acquired for five sites and for a variety of land covers in northwestern Mexico. The indicators used for the comparison were: root mean square error (RMSE), bias (BIAS), concordance index (d), and determination coefficient (R 2 ) of the correlation, comparing measured and modelled ET. The best performance was observed in Rayón (RMSE = 0.77 mm·day −1 , BIAS = −0.46 mm·day −1 , d = 0.88, and R 2 = 0.86); El Mogor and La Paz showed errors and coefficients of determination comparable to each other (RMSE = 0.39 mm·day −1 , BIAS = −0.04 mm·day −1 , R 2 = 0.46 and RMSE = 0.42 mm·day −1 , BIAS = −0.18 mm·day −1 , R 2 = 0.45, respectively). In most cases, MOD16 underestimated the ET values.
Introduction
Evapotranspiration (ET) is the second largest component of the water cycle [1, 2] . It is commonly accepted that more than 60% of precipitation is returned to the atmosphere through it [3, 4] , especially in ecosystems with limitations of water (arid and semi-arid zones) [2, 5, 6] . ET considers all the processes in which water changes from liquid to gas and includes the evaporation from the surface of plants (also called loss by interception, which can represent up to 30%), soil evaporation (up to 65% for canopies with scarce vegetation, like shrubs), and plant transpiration [2, 6] . The relative proportion of ET over precipitation defines the availability of water in a region and determines global vegetation patterns [2] ; thus, ET plays an important role in hydrology, agriculture, climatology, ecology, meteorology, carbon cycle, coastal sciences, data science, statistics, and economics [4, 7] . Information on ET is essential towers with EC systems (MexFlux) [51] . Two sites corresponded to wheat crop, and three towers are located over natural ecosystems, mainly covered by shrubs and situated in arid and semi-arid zones. The natural ecosystems analyzed are particularly relevant in Mexico, covering more than 60% of the national territory [52] ; therefore, the application of remote sensors to these areas provides information to develop viable strategies in solving emerging problems of ecosystem degradation [2] .
Materials and Methods

MOD16 Algorithm
The MOD16 algorithm, based on the Penman-Monteith equation [53] , estimates soil evaporation and vegetation transpiration (Equations (1) and (2)). The original algorithm was developed on a point scale [54] and it was later modified and improved [3, 40] . Among other modifications, the improved model is characterized by: (1) a simplified calculation of the plant cover fraction (Fc), since it directly uses the satellite product MOD15A2 FPAR (fraction of photosynthetic active radiation absorbed by the canopy) [55] ; (2) calculation of the daytime and night-time ET separately; (3) calculation of the soil heat flux, linearly partitioning the incoming net radiation with respect to Fc (Equations (3) and (4)); (4) improved estimates of stomatal conductance, aerodynamic resistance, and resistance of the boundary layer [3] .
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where λE T (Wm −2 ) is the latent heat flux of foliage transpiration, and λE S (Wm −2 ) is the latent heat flux of evaporation of the soil at a daily scale; ∆ is the slope of the curve that relates the water vapor pressure to the temperature (PaK −1 ); e (Pa) is the actual water vapor pressure, and e sat (Pa) is the saturated vapor pressure; A (Wm −2 ) is the net radiation, partitioned for soil (A SOIL ) and vegetation (Ac); G (Wm −2 ) is the soil heat flux; ρ (kgm −3 ) is the air density; C P (Jkg −1 K −1 ) is the specific heat capacity of air; Fc is the fraction of the plant cover; r a (sm −1 ) is the aerodynamic resistance; r s (sm −1 ) is the surface resistance; r tot (sm −1 ) is the total of the aerodynamic resistance; RH (%) is the relative humidity, and γ is the psychometric constant (PaK −1 ). The satellite product used in this work was MOD16A2, the most recent version of MOD16 on an 8-day temporal scale (8-day average) with a spatial resolution of 500 m [56] . The images are available in the HDF-EOS format, and each image covers about 1200 × 1200 km, corresponding to the MODIS mosaics (http://modis-land.gsfc.nasa.gov/MODLANDgrid.html). The study sites are within three mosaics (h08v06, h08v05 and h07v06), see Figure 1 . The raster layer corresponding to the Latent heat turbulent flux (LE) variable was extracted from each MOD16A2 ET file, and the values were converted to the average ET values in mm·day −1 (the 8-day average) for each pixel corresponding to the EC sites, using ArcGis 10× (https://www.esri.com/en-us/arcgis/about-arcgis/overview). Figure 1 . Geographical location of the study sites and disposition of the Moderate Resolution Imaging Spectroradiometer (MODIS) mosaics that cover the territory of Mexico (MODIS mosaics are named h08v06, h08v05, and h07v06).
Eddy Covariance Sites
In this work, the ET estimates derived from the MOD16A2 product were compared with the ET measurements in five eddy covariance systems (EC) in northern Mexico. The location and the main characteristics of the study sites are presented in the Table 1 . EC1 and EC2 where located in the Irrigation District Valle del Yaqui [57] . The sites are located in northern Mexico ( Figure 1) ; this zone has a semi-arid climate with summer rains (July-October), the average annual temperature is 22 °C, and the average annual precipitation is 261 mm [58] . 
In this work, the ET estimates derived from the MOD16A2 product were compared with the ET measurements in five eddy covariance systems (EC) in northern Mexico. The location and the main characteristics of the study sites are presented in the Table 1. EC1 and EC2 where located in the Irrigation District Valle del Yaqui [57] . The sites are located in northern Mexico ( Figure 1) ; this zone has a semi-arid climate with summer rains (July-October), the average annual temperature is 22 • C, and the average annual precipitation is 261 mm [58] . During the experimental phase of the PLEIADeS project (Participatory Multi-Level EO-Assisted Tools for Irrigation Water Management and Agricultural Decision-Support), in the winter-spring cycle of the years 2007-2008, micro-meteorological measurements were made to determine water consumption in annual crops, including wheat (EC1 and EC2), in an area of 1600 ha. The energy balance closure was 0.82, and the heat fluxes were not corrected. For additional information about the EC systems, the reader is referred to Castañeda [58] and Rodríguez, et al. [59] .
EC3 is 4 km northeast of the city of Rayón and corresponds to subtropical shrublands. The species with the highest soil cover are Fouquieria macdougalii, Parkinsonia praecox, Acacia cochiacanta, Jatropha cordata, and Encelia farinosa. It has a dry warm climate, with hot and humid summers (about 70% of rain occurs between July and September) and cold winters. The average annual temperature is 21 • C, and the average annual precipitation is 487 mm. The site is equipped with a T45 tower 9 m high that supports the eddy covariance system with an open-path infrared gas analyzer (IRGA, LI-7500, LI-COR) and a three-dimensional sonic anemometer (CSAT 3, Campbell Scientific, Logan, UT, USA). Villareal, et al. [60] . EC4 El Mogor (EC4) is located 406 m above sea level in Valle de Guadalupe, Baja California; the plants found in this site are Mediterranean shrubs; this shrubland is characterized by a mixture of chaparral, representing the most abundant species at the study site, namely, Adenostoma fasiculatum, Ornithostaphylos oppositifolia, Cneoridium dumosum, Salvia apiana, and Lothus scoparius, with less abundance of sclerophyllous plant species. It has a Mediterranean climate with hot, dry summers and cool, wet winters (November-April). The flow measurement system consisted of an open-path infrared gas analyzer (IRGA, LI-7500, LI-COR) and a three-dimensional sonic anemometer (81000V, Young, Traverse City, MI, USA) installed at 3.5 m above ground level [60] . The energy balance closure, an independent measurement to evaluate the Eddy Covariance performance, was 0.82 for the EC3 site and 0.89 for EC4 site during the years 2008 to 2010. These reports are in accordance with Fluxnet open and closed shrublands [60] .
Site EC5 corresponds to one of the sites of the Ameriflux network (http://ameriflux.lbl.gov/), measuring ecosystem energy fluxes. This site is called MX-Lpa by the network. It is located 21 m above sea level, west of La Paz, within the experimental reserve of the Center for Biological Research of the Northwest (CIBNOR). The predominant vegetation is the open shrubland; the average height of the canopy is 2-3 m, with Pachycereus pringlei representing the tallest species (6-8 m). The dry desert climate of the site is characterized by variable annual precipitation, with the highest incidence of rain between August and September (182 mm year −1 ); the average annual temperature is 23.6 • C, and the highest solar radiation occurs during the period from April to August. The flux measurement system consisted of a three-dimensional sonic anemometer-thermometer (Wind Master Pro, Gill Instruments, Lymington, UK) and an open-path gas analyzer (LI-7500, LI-COR, Lincoln, NE, USA) mounted on a tower 13 m above the surface [62] . The energy balance closure was 0.95 during the analyzed period.
For the comparison with MOD16 ET estimates, the available EC measurements were processed to obtain 8-day averages. For EC1 and EC2, the available ET values at a daily scale were used to obtain the 8-day averages for the year 2008. For EC3 and EC4 sites, there is access to the daily ET estimates for the 2008-2010 period (https://doi.org/10.3334/ORNLDAAC/1309) [60] , and the 8 day-averages were processed for the whole period. For EC5, LE measurements at 30 min intervals are available for the 2004-2006 period (http://ameriflux.lbl.gov/data/download-data) [61] ; these values were averaged at a daily scale, considering valid only the days (24 h period) with more than 40 data of 30 min averages. The daily averages of latent heat turbulent flux (LE) were transformed into ET values (mm·day −1 ) using the latent heat of vaporization value of water (2.45 MJ·m −2 ) [13] . The number of 8-day average values and the period monitored are presented in Table 2 . 
Data Analyses
To evaluate the performance of MOD16 in relation to the measurements obtained by EC, four data comparison indicators were used: (1) the root of the mean square error (RMSE), measures the variation of the calculated values with respect to the observed ones; (2) the bias (BIAS), which may be positive (overestimation) or negative (underestimation), over the observed ones; (3) the concordance index (d), proposed by Willmott [63] , represents the ratio of the mean square error and the potential error; (4) the coefficient of determination (R 2 ). The first three indicators were calculated with the following equations:
The coefficient of determination (R 2 ) was used as a measure of the quality of fitting, understood as the proportion of the variability explained by the fitted model (Equation (8)).
where EC is the eddy covariance-based ET at a daily scale (mm · day −1 ); MOD16 is the ET at a daily scale (mm · day −1 ).
Results
Comparison of Data Pairs
MOD16 had the best performance in the EC3 site (Table 2) , for which the lowest error and the highest concordance index among the data were observed (RMSE = 0.58 mm·day −1 , d = 0.90). The best performance of MOD16 was evident in land with close shrub cover in comparison with land with open shrubs (EC4 and EC5) and wheat crops (EC1 and EC2) ( Table 3 ). In the EC5 site, a poor performance of MOD16 for the three-year study was found. For the EC1 and EC2 sites, only one-third and one-fifth of information on the 8-day periods during the year were available. The greatest deficiency according to the RMSE was observed on the site with the least number of data (RMSE = 1.85 mm·day −1 EC2). Although the concordance index (d = 0.72) was acceptable, the modelled values explained only 58% of the variability (R 2 = 0.58), much less than in EC1, where two parameters showed better performance (d = 0.90 and R 2 = 0.72). In general, MOD16 underestimated the values of ET, except for EC1 and EC4 in 2008, for which the model barely overestimated the ET (BIAS = 0.11 mm · day −1 , BIAS = 0.02 mm · day −1 , respectively).
The performance of MOD16 was analyzed (Figure 2 ) by grouping the EC1 and EC2 sites and comparing them with EC3, EC4, and EC5 for every analyzed period. All data were considered, i.e., The analysis of the correlations pointed to the relative good agreement of the measured and modelled values during most of the analyzed period (see Figure 2) . However, the modeled values were not able to reproduce the sudden increases of ET measured by the EC systems during the rain period in the sites with natural vegetation (EC3, EC4, and EC5). Figure 3 represents the temporal evolution of the measured values of ET and precipitation. As shown in Figure 3 , the ET values changed from around 1.2 mm·day −1 during winter to up to 6 mm·day −1 in the site EC3 during the rainy season. In addition to the increment in the evaporation from soil and plant surfaces, plant transpiration could be increased during these periods. We interpret these data suggesting that the model based on canopy resistances does not account for the increase of the transpiration rates as a consequence of the expected increment in water availability for the plants. In addition, the simulation of soil evaporation and plant interception exclusively based on the relative humidity should be revisited according to the analyzed conditions. 
Discussion
This study focused on the assessment of the performance of the satellite product MOD16A2 in arid zones of northern Mexico by comparing the ET values estimated by the MOD16 algorithm with the values estimated by EC systems. The ecosystem monitored corresponded to wheat crops and shrubs. Differences between both methods for ET estimation were found, which can be attributed to multiple factors associated to the generation of the algorithm [40] . In a general way, the differences can be attributed, primarily, to the parameterization of the MOD16 algorithm (inputs) and to the 
This study focused on the assessment of the performance of the satellite product MOD16A2 in arid zones of northern Mexico by comparing the ET values estimated by the MOD16 algorithm with the values estimated by EC systems. The ecosystem monitored corresponded to wheat crops and shrubs. Differences between both methods for ET estimation were found, which can be attributed to multiple factors associated to the generation of the algorithm [40] . In a general way, the differences can be attributed, primarily, to the parameterization of the MOD16 algorithm (inputs) and to the considerations about physical processes that influence ET, secondly, to the EC measurements, considered as "real ones", and, thirdly, to the spatial and temporal scales of each method.
The parameterization of the MOD16 algorithm plays an important role in the accuracy of ET estimations [40] . Soil moisture has a great influence on the aerodynamic or surface resistance of the foliage and on the resistance of the soil surface, which are essential parameters in the algorithm. The ecosystem in arid and semi-arid zones is driven by moisture in the soil [64, 65] ; however, this is not directly considered in the algorithm [43] , since it is very difficult to obtain it in a large area because of the variety of soil permeability values and associated textures [64] . However, it is possible to use available mapped information about textures in Mexico and integrate it into the MOD16 algorithm to improve it. However, and even in these conditions, the simulation of soil water content will require the integration of precipitation data that are not generally available in most areas; also, the precision of the global estimates grilled products must be analyzed. A relationship between the vapor pressure deficit (VPD) and the relative humidity (RH) is assumed [66] , which is highly questionable [3] and could lead to the underestimation identified in this work. Previous model validations of MOD16 showed a similar underestimation of ET in sparse natural vegetation, such as crops [67] , savanna [40] , and grassland [68] . As pointed out by these authors, the differences may be due to the uncertainty of the input variables (Leaf area index (LAI) or meteorological data). These results indicate the necessity of improving the model formulation focused on the variation of canopy conductance. Identical forced models can determine what controls the accuracy of ET in our sites. It is urgent to improve strategies to measure meteorological drivers and local vegetation properties, such as relative humidity, net radiation, canopy conductance, and leaf area index, especially in the rainy season. It will be important to evaluate other satellite products with higher spatial and temporal resolution or rescale MOD16 RS inputs using another satellite products with better resolution.
In addition, the Global Modelling and Assimilation Office (GMAO) meteorological information reanalysis is validated at a global scale. It was resampled from~110 km (0.5 • ) to 1 km to be inserted in the MOD16 algorithm, a process that may introduce uncertainty in the ET estimation. Other products that can introduce significant errors are the classification of coverage and land use (MOD12Q1) and LAI/FPAR (MOD15A2). Discrepancies have been found when comparing the classification of land use by the MODIS product with that made in the field [49] , in contrast with this study, in which the classifications coincide both for shrublands in EC3, EC4, and EC5 and for crops in EC1 and EC2; however, MOD16 considers constant the properties for the same biome, so the phenological and structural differences of the shrubs are not captured, having an impact on the ET estimates. It has been found that when comparing MOD16 to estimates of reference evapotranspiration (ETo) in southeastern Mexico, in areas of higher humidity, there is a 0.21 coefficient of correlation, suggesting that it is necessary to parameterize the algorithm with locally derived data [50] ; even though higher correlations were found in this study, it is necessary to obtain local phenology measurements, associate them with the national land cover classification, and then integrate them in MOD16.
Secondly, there are uncertainties associated with the EC measurements, which may be caused by the instrument calibration, the necessary postprocessing in the flux measurements, and the problem of closing the energy balance. For this study, EC measurements were obtained from previous studies and were considered as real ET. Authors reported energy balance closure for EC1 and EC2 (0.82), El Mogor (0.82), and Rayón (0.89). In La Paz, the energy balance closure was 0.95. All these measurements were acceptable. A fundamental requirement is to maintain a homogeneous surface without disturbance (Fetch), which is proportional to the instrument height [18] ; a Fetch 100:1 is recommended and should be higher for smoother surfaces and smaller for rough surfaces. This height is unknown for sites located in areas with wheat crops; however, it has been demonstrated that with an instrument that is 2 m high, a homogeneous area of 1.5-2.5 ha can be observed depending on the direction and speed of the wind and on the atmospheric stability [68] ; in the case of Rayón, which has a rough surface, with an instrument height of 9 m, a Fetch of at least 900 m is required, a requirement that is easily fulfilled because of the type of coverage; in the case of El Mogor, the height at which the measuring instrument was placed, i.e., 3.5 m, requires a Fetch of at least 350 m, and, in La Paz, the height of 13 m can easily represent a Fetch of 1300 m. The uncertainties associated with the measurements of the flux towers can influence the indicators bias, error, and coefficient of determination [43] . The advantage of having complete measurements at intervals of 8 days was evident in the improvement of the relationship between the flux towers and MOD16 in the sites with more data [7] , as was observed in EC1 and EC2.
Both the magnitude and the definition of the different components of the water balance depend to a great extent on the scale [2] . There are time lags between the ET estimates for many satellite systems, especially those with high spatial resolution, where images are obtained only periodically for a specific location (8 days in the case of MODIS); therefore, evaporation from precipitation events occurring between satellite passages or the processing of the "wet" images of recent precipitation events may bias the seasonal estimates [16] . The EC estimates, used to evaluate the MOD16 algorithm, represent a homogeneous zone with a smaller surface than the spatial scale of MOD16, in the case of the wheat crop (~0.01 km 2 ) and El Mogor (~0.1 km 2 ) sites. Over narrow vegetation systems or small cultivation areas, satellite pixels can overlap large mixtures of vegetation types and densities. Surface temperature signals are mixed and ET recoveries are difficult to interpret [16] . MOD16 assumes an average value for a heterogeneous area, considering it as if it were a homogeneous area, inserting a bias in the information and in the comparisons with EC
Conclusions
In this investigation, the ET values obtained in the eddy covariance (EC) sites were compared with the satellite information estimated by the MOD16 algorithm, in five sites located in northwestern Mexico, in arid and semi-arid zones, over wheat cultivation and shrubs. Based on the results found, it can be primarily concluded that, in Mexico, evapotranspiration measurements through EC systems are scarce; the literature reports more EC sites, but the results are not available or they are hard to access; for this reason, this study only used five sites which provided sufficient and useful information for the proposed objectives. However, it is necessary to compare MOD16 with EC in zones with different environmental conditions in Mexico, before we could recommend it at national level. Secondly, acceptable results were found to consider the applicability of MOD16A2 products in areas with close shrubs, at a regional, state, and basin scale, in arid and semi-arid zones, despite the error, bias, and medium concordance indices found between EC and MOD16. Thirdly, in the current study, sufficient evidence to recommend the use of MOD16 in crops was not obtained. 
